S1. COMPUTATIONAL DETAILS

S1.1 Geometry Optimization at DFT Level
The initial geometry of the WOC−dye complex was optimized at the density functional theory (DFT) level employing the OPBE exchange-correlation functional 1 and the TZP (triple-ζ polarized) Slater-type basis set. 2 The OPBE functional has shown to be accurate in describing transition-metal complexes, including Ru-based WOCs. [3] [4] [5] [6] In the geometry optimization, the continuous solvation model (COSMO 7-8 ) for water was used. These calculations are performed with the Amsterdam Density Functional (ADF) software package. 9-10
S1.2 Simulation Box
To obtain a realistic description of the catalytic reaction steps, the solvent was explicitly introduced in the simulations. The solvent environment for the Car−Parrinello MD (CPMD) simulations was generated using Discovery Studio 2.5. 11 The solvent was equilibrated for 0.2 ns using the TIP3P model implemented in the CHARMM force field and CFF partial charge parameters at 300 K, 12 while the [WOC] 2+ −dye complex was kept fixed. The volume was then adjusted using constant pressure for 0.2 ns, after which the system was further allowed to evolve with constant volume for 2 ns. Periodic boundary conditions are applied with a time step of δt = 5 a.u. (1 a.u. = 0.0242 fs).
S1.3 Free Energy Profile
To estimate the free energy profile of catalytic reaction steps that are unlikely to occur spontaneously during the typical ab initio molecular dynamics (AIMD) simulation time scale, constrained MD and the so-called Blue-Moon approach were employed as a rare event simulation technique. [13] [14] [15] The reaction coordinate (in this case the distance between two oxygen atoms Oi and Oii, d(Oi←Oii), as shown in Scheme 1) is constrained to a series of fixed values x in range of 3.0 − 1.5 Å after the initial equilibrium simulation and subsequent photooxidation of NDI along this facilitated reaction pathway. A time-averaged constraint force <λ>x for each value of the reaction coordinate x is obtained, which should be equal to zero at an equilibrium or transition state. The free energy change for this promoted catalytic step is then established by interpolating the mean forces with a 100-point Akima splines function and integrating the signed forces <λ>x along the reaction path. [16] [17] [18] [19] Trajectory analysis and visualization for the CPMD output were carried out using VMD. [20] [21] S3 S1.4 Initial AIMD equilibration simulation An initial AIMD simulation of about 1.5 ps is performed to equilibrate the local hydration environment around the OH − group. In particular, the coordination number of the oxygen atom (Oiii) belonging to the OH − group was constrained to one within a radius of 1.2 Å during this simulation to maintain the geometry of the OH − group and prevent its diffusion via the hydrogen-bonding network. 22
S1.5 Effect of Periodic Boundary Conditions
In plane wave based DFT-MD simulations the periodic boundary conditions introduce a spurious Coulomb interaction for charged systems due to the image charges. In our work we compared the free energy profiles for two DFT-MD simulations with and without a OHion.
The total charge of the system is 2 + or 3 + in these two cases, respectively. The error introduced by the spurious Coulomb interaction can be estimated by considering the size of the MD box (25.1 × 17.7 × 14.4 Å 3 ) and the fact that the MD simulation box contains 161 water molecules that will strongly screen the spurious Coulomb interaction. A rough estimate of the Coulomb potential generated by a positive charge that takes into account the length of the box and the relative permittivity of water gives a value of ~0.46 kcal mol -1 for 2 + and ~0.69 kcal mol -1 for 3 + , respectively. These energies are quite small and comparable to the thermal energy kBT at room temperature (~0.59 kcal mol -1 ). Moreover, these energies are at least one order of magnitude smaller than the computed free energy changes in the two systems considered (see Table 1 in the manuscript). We can therefore conclude that the error introduced by the pbc does not affect significantly the conclusions of our work. S4 S2. Prior proton transfer (PT) of the fourth catalytic water oxidation step 
